Introduction
The importance of biogenic volatile organic compounds (BVOc) in tropospheric chemistry is widely Abstract Terpenoid emissions from ponderosa pine (Pinus ponderosa subsp. scopulorum) were measured in colorado, Usa over two growing seasons to evaluate the role of incident light, needle temperature, and stomatal conductance in controlling emissions of 2-methyl-3-buten-2-ol (MBO) and several monoterpenes. MBO was the dominant daylight terpenoid emission, comprising on average 87 % of the total flux, and diurnal variations were largely determined by light and temperature. During daytime, oxygenated monoterpenes (especially linalool) comprised up to 75 % of the total monoterpenoid flux from needles. a significant fraction of monoterpenoid emissions was dependent on light and 13 cO 2 labeling studies confirmed de novo production. Thus, modeling of monoterpenoid emissions required a hybrid model in which a significant fraction of emissions was dependent on both light and temperature, while the remainder was dependent on temperature alone. experiments in which stomata were forced to close using abscisic acid demonstrated that MBO and a large fraction acknowledged, with BVOc playing important roles in tropospheric O 3 production and the formation and growth of secondary organic aerosol. In order to quantify the role of BVOcs in local photochemistry and oxidation processes, it is important to characterize the composition, magnitude, and controls over emission dynamics at the scale of individual needles, so that this information can be incorporated into existing models of BVOc emissions at larger scales. emissions of isoprene, the dominant emitted BVOc in many forest ecosystems, depend on both leaf temperature and incident irradiance and are independent of changes in stomatal conductance. This behavior is captured well in existing models Martin et al. 2000; Zimmer et al. 2000) . The precise nature of environmental control over other terpenoid species is less well characterized. emission of monoterpenes arising from specialized storage structures within the leaf have been generally assumed to depend solely on leaf temperature, while an increasing number of tree species have been shown to produce monoterpenes de novo and emit them in a light and temperature dependent manner, analogous to that of isoprene (staudt and seufert 1995). More recently, ghirardo et al. (2010) demonstrated that even in species with specialized storage structures, a varying fraction of emissions arises from de novo production rather than diffusion from storage. laboratory experiments have also shown that certain terpenoid species may be limited by stomatal conductance under conditions that were not steady state (niinemets et al. 2002, 2003a) This is an effect not currently incorporated into BVOc emission models. This study attempts to clarify, under natural field conditions, the roles of needle temperature, incident light, and varying stomatal conductance in controlling terpenoid emissions of ponderosa pine, which is a widely distributed and ecologically significant species.
This study was undertaken in conjunction with two field campaigns, BeachOn-rOcs in 2010 and BeachOnrOMBas in 2011, which addressed the important role of BVOc emissions from a forest of Pinus ponderosa in gas phase and particle-phase processes, respectively (Ortega et al. 2014 ). BVOcs at the site are dominated by local emissions arising from ponderosa pine, which we estimate to comprise over 99 % of the tree biomass.
above-canopy BVOc flux measurements at the site using eddy covariance techniques coupled to both PTrMs and PTr-TOF-Ms (Kaser et al. 2013a, b) cannot distinguish between compounds of the same mass, thus precluding speciation of important families of BVOc such as monoterpenes and sesquiterpenes. gas chromatography-mass spectrometry (gc-Ms) techniques used to measure air mixing ratios and fluxes above the canopy using relaxed eddy accumulation may underestimate BVOc species emitted in low amounts or highly reactive species with short lifetimes because the magnitude of individual compound fluxes may fall below the detection limit. Due to these shortcomings of measurements above the canopy, emission measurements at the scale of needles have an important role in these large field campaigns by identifying a more complete suite of emitted compounds, particularly those that are highly reactive and emitted at modest rates, and those which may play a role in photochemistry disproportionate to their emission fluxes. Marked differences between emissions observed at the needle scale and mixing ratios observed in the air space above the canopy provide information about chemical processing within the canopy or additional nonfoliar sources of BVOc.
additionally, needle emission data provide the best means of describing the physical and biological controls over emissions. a particular focus of this study is the degree to which incident photosynthetic photon flux density (PPFD) influences monoterpene emissions in ponderosa pine, and in particular, whether different monoterpene species respond differently. a related question involves the importance of stomatal conductance in regulating these emissions. niinemets and reichstein (2003a) and subsequent studies have confirmed that, under certain conditions, and depending on the physico-chemical characteristics of the BVOc in question, stomata can play a role in limiting emissions. since stomatal conductance generally correlates with incident light, care must be taken to distinguish between direct effects of light on monoterpene production and indirect effects on emissions resulting from changes in stomatal conductance. In this study, we addressed these issues using measurements of BVOc emission rates that were coupled with detailed compound identification and characterization of needle physiology on trees during two growing seasons. We made a special effort to identify environmental and physiological controls over needle BVOc emissions that have been poorly characterized in past emission models.
Materials and methods

site description
The Manitou experimental Forest Observatory (39.1006°n, 105.0942°W; ranging from 2,280 to 2,840 m a.s.l.), was established in 2008 under the auspices of the national center for atmospheric research in Boulder, cO, and is located within the U.s. Forest service Manitou experimental Forest, approx. 45 km northwest of colorado springs, colorado. It has been the site of several interdisciplinary studies examining the role of biogenic trace gas emissions on gas phase and particlephase processes in the local atmosphere (Ortega et al. 2014) . The forest is a pine savanna with a tree cover of approximately 38 %, based on ground surveys at the site and satellite-based estimates in the 2006 national land cover Database (http://www.mrlc.gov). Measurements made using an optical Plant canopy analyzer (laI-2000; li-cor, lincoln, ne) indicated that the leaf area index (laI) for pine crown cover is approximately three, which is typical for pine stands (geron et al. 1994 ). a laI of three and tree cover of 38 % leads to a stand averaged laI of approximately 1.15. The open understory consists predominantly of bunchgrasses and forbs. Woody vegetation in the forest is almost exclusively ponderosa pine (Pinus ponderosa P. lawson & c. lawson subs. scopulorum engelm.).
BVOc sample collection methods
During the summer of 2009, a total of 12 sets of needles were sampled at 30 °c and high irradiance (PPFD > 1,000 μmol m −2 s
−1
). BVOc emissions from needles were characterized on approximately a weekly basis. In July and august, 2011, an additional six sets of needles were sampled under the same conditions. needles begin to elongate in mid-June but reach a convenient length for sampling (>6 cm) only in late July. Thus, two thirds of the needles sampled were second-year needles and one third were newly emerged. Five or six fascicles of pine needles (generally three needles per fascicle; occasionally two) were enclosed in a custom built temperature-controlled, fan-stirred glass cuvette (allen scientific glass, Boulder, cO) 12.5 cm in diameter (volume of 425 cm 3 ), which was tethered to a control console (MPh-1000, campbell scientific, logan, UT). In all cases, the base of each fascicle and all woody tissue remained outside the enclosure and the enclosed tissue comprised only needles. air entering the cuvette consisted of zero air mixed with pure cO 2 to a final cO 2 concentration of approximately 400 ppm and humidified to a dew point between 6 and 8 °c. all mixing flows were controlled using mass flow controllers (Model 825, edwards high Vacuum International, Wilmington, Ma) and the flow rate of air entering the cuvette, which varied between 0.0007 and 0.00075 mol s , was measured with a mass flow meter (Model 831, edwards high Vacuum International). except where otherwise stated, leaf temperature was controlled to 30.0 ± 0.3 °c using thermoelectric coolers. In some experiments, the cuvette was illuminated using natural light; in others, light was provided by a 90-W leD (red/blue) growth lamp. Incident PPFD was measured with a photodiode (hamamatsu), calibrated against a quantum sensor (Model sQ-110, apogee Instruments, logan, UT) and placed inside the cuvette adjacent to needles. a known volume of air exiting the cuvette, generally 4-6 liters, was collected at a rate of approximately 200 sccm onto stainless steel tubes packed with two adsorbents in series (Tenax gr or Tenax Ta and carbograph 5TD) using a small pump and a mass flow controller. The sorbent tube samples were then kept under refrigeration until analyzed in the laboratory.
In 2011, in an effort to better understand controls over terpenoid emissions and the possible importance of stomatal conductance, continuous measurements of net photosynthesis, stomatal conductance, and BVOc emission rates under fluctuating natural conditions were made on two sets of one-year old needles, each for approximately 24 h. air exiting the leaf enclosure was directed to a Teflon© T-fitting, from which air was pulled by vacuum into the inlet of a proton transfer reaction mass spectrometer (PTr-Ms) at a rate of approximately 20 sccm. In addition, a fraction of the air exiting the cuvette was diverted to a cO 2 and h 2 O infrared gas analyzer (lI-6252, li-cor, lincoln, ne) , and rates of net photosynthesis, transpiration and stomatal conductance were calculated using the equations of von caemmerer and Farquhar (1981) . In addition to continuous PTrMs measurements, approximately every 2 h, air exiting the leaf enclosure was collected onto sorbent tubes for subsequent analysis using gc-Ms.
additional measurements designed to investigate the importance of incident photosynthetic photon flux density (PPFD) and stomatal conductance in controlling BVOc emissions from ponderosa pine needles were made using a portable gas exchange system (lI-6400; lI-cOr, lincoln, ne). needles were arranged in a tightly packed layer across the 6 cm 2 enclosure, and light was provided using the red-blue light emitting diode source. The default experimental conditions were 400 ppm cO 2 in air entering the cuvette, 1,000 µmol m −2 s −1 PPFD and needle temperature of 30 °c, but either the PPFD or the temperature could be varied to examine independently the light or temperature dependences of BVOc emissions. air entering the enclosure was scrubbed of BVOcs using a platinum catalyst heated to 350 °c. air exiting the enclosure was pulled from a T-fitting into the inlet of the PTr-Ms for analysis of BVOcs.
all portions of needles within the enclosure were excised after measurement, oven-dried at 70 °c for 48 h or until no further weight loss was observed, and weighed. In 2011 only, total needle surface area was estimated as follows. all portions of needles within the enclosure were reassembled into individual fascicles of two or three needles. Fascicle length and diameter were measured using calipers and total needle surface area was then estimated assuming each needle formed either one half or one third of a cylinder, depending on the number of needles per fascicle. In addition, all fascicles were submerged in water in a small graduated cylinder and total water displacement, a surrogate for total needle volume, was measured. again, assuming cylindrical geometry, total needle surface area was estimated. In general, these two techniques agreed within 10 %.
In 2011, needle transpiration rates were calculated, and rates of BVOc emission on a leaf surface area basis (e a , nmol m −2 s −1 ) were calculated according to eq. 1, incorporating the transpiration correction recommended by niinemets et al. (2011) .
where σ in and σ out (nmol mol ). In 2009, needle area was not determined and emission fluxes were expressed on a needle dry mass basis (E M , μg g −1 h −1 ) and without the transpiration correction.
gas chromatography-Mass spectrometry analysis air samples collected onto sorbent cartridges were thermally desorbed at 275 °c using an Ultra autosampler (series 2, model UlTra TD, Markes International, llantrisant, UK) and then cryofocused (0 °c) onto a Unity thermal desorber operated in splitless mode. The samples were desorbed from the cryotrap (300 °c) and injected into a gas chromatograph (gc; model 7890a, agilent Technologies, Inc., santa clara, ca, Usa) equipped with both a flame ionization detector (FID) and an electron impact mass-selective detector (MsD). an hP-5Ms column (30 m × 0.25 mm, 0.25 µm, agilent Technologies, Inc., santa clara, ca, Usa) was used with nitrogen as the carrier gas. The gc oven program used was as follows: start temperature, −30 °c; 1 min hold; ramp, 20 °c min −1 to 0 °c; ramp 6 °c min −1 to 80 °c; ramp 3 °c min −1 to 190 °c; ramp 30 °c min −1 to 260 °c; and 6 min hold. low analyte masses in emission samples and the presence of coeluting peaks made peak quantitation using FID problematic. Thus, we developed a method to estimate analyte concentrations using the signal from the MsD in selected ion mode (sIM). In order to use the MsD signal for quantitation, one should have a response factor for each analyte of interest, which is based on a known concentration standard. lacking a wide array of gas phase standards; however, we developed a protocol to estimate analyte concentrations.
Briefly, the peak area associated with the major ion fragment of each compound of interest (e.g., m/z 93 for all monoterpenes) was quantified in sIM mode. To account for changes in MsD sensitivity, a constant 2 ml volume of
an internal standard, decahydronaphthalene (Dhn), was included with all samples, and measured analyte signals were normalized using a similar mass fragment from Dhn (e.g., MBO signals at m/z 71 were divided by the m/z 68 fragment of Dhn and monoterpene signals at m/z 93 were divided by the m/z 95 fragment of Dhn). For the purpose of calibration, several sorbent tubes loaded with a known mass of isoprene and camphene were included in each batch run, and the normalized signal (e.g., m/z 93 of camphene divided by m/z 95 of Dhn) was related to the known mass of standard. This calibration factor could be used directly to quantify camphene peaks in the sample sorbent tubes, but the ratio of the m/z 93 fragment to the total ion count for other monoterpenes differs. Thus, the calibration factor for camphene was adjusted for use with other monoterpenes based on the reported (nIsT) or empirically determined ratio of m/z 93 to total ion counts. This protocol is described in greater detail in the electronic supplementary Materials, together with some empirical tests of its validity.
The 2-methyl-3-buten-2-ol (MBO) dehydrates during thermal desorption, yielded variable amounts of isoprene (harley et al. 1998) . no emissions of isoprene from ponderosa pine have been reported, and we assume here that all isoprene measured in emission samples arose from the dehydration of MBO. however, a small contribution from directly emitted isoprene cannot be excluded. In addition to catalyzing the production of MBO, the enzyme MBO synthase is reported to catalyze small amounts of isoprene production, in a ratio of 90:1 (gray et al. 2011) and small amounts of both isoprene and MBO can be produced nonenzymatically by acid-catalyzed solvolysis of dimethylallyl diphosphate that is the substrate from which both MBO and isoprene are derived (sanadze 1991). Karl et al. (2012) , using PTr-Ms with nO + as the primary ion, were able to measure MBO and isoprene independently, and reported that isoprene was present in a small amount (90-250 pptv) in air above the forest, but we assume that this isoprene originated from sources other than ponderosa pine (e.g., willows, aspen or spruce upwind of the site). assuming that direct emissions of isoprene from needles of ponderosa pine are negligible, our reported MBO emission rates were, therefore, obtained by summing the calculated masses of isoprene and MBO in each sample.
The relationship between myrcene and linalool is analogous to that of isoprene and MBO, i.e., the myrcene-linalool pair represents an exact c-10 structural analog of that c-5 pair, and myrcene is the dehydrated form of linalool. We have observed in laboratory tests with pure linalool samples a variable amount of conversion to myrcene during thermal desorption and analysis. Finally, the 13 c labeling patterns of the two compounds (described below) are almost identical. Thus, although we report myrcene and linalool as separate emissions, we suspect that a significant fraction of reported myrcene arises from linalool dehydration during analysis.
13 cO 2 labeling experiments 13 cO 2 fumigation experiments were carried out to determine the extent of de novo production of terpenoids from recently fixed carbon. needles were inserted into the chamber with a flow of air containing approximately 400 ppm cO 2 with a naturally occurring isotopic signature (1.109 % 13 cO 2 ). Following the establishment of steady state emissions at 30 °c and high PPFD (1,000 μmol m
), a sorbent tube was collected for analysis using gc-Ms. The cO 2 entering the chamber was then replaced with isotopically-labeled cO 2 (99 % 13 c, sigma aldrich, st. louis, MO). Beginning 90 min after the introduction of 13 cO 2 , six additional sorbent tubes were collected at approximately 60 min intervals to characterize the incorporation of 13 c into the emitted terpenoid compounds.
Measurement of BVOcs using PTr-Ms
The Proton Transfer reaction Mass spectrometer (Ionicon, Innsbruck, austria) was operated as described previously (de gouw and Warneke 2007). The 2-methyl-3-buten-2-ol (MBO, m/z 87) and total monoterpenes (m/z 137) were monitored continuously. The PTr-Ms was calibrated using a gas standard that included known concentrations of MBO and α-pinene (used as the standard for monoterpenes).
Inducing stomatal closure using abscisic acid (aBa)
To elucidate the role of stomatal conductance in controlling BVOc emissions, experiments were carried out in which stomatal closure was induced by introducing abscisic acid (aBa) through the transpiration stream. a small branch was severed using a sharp blade and the cut end immediately placed in a beaker and recut under water in a 1 % methanol solution (required to dissolve aBa) to maintain a continuous transpiration flow. needles were introduced into the lI-6400 enclosure and stomatal conductance and BVOc emissions monitored continuously. after approximately one hour, aBa was added to the beaker to make a 75 μM aBa solution, and changes in stomatal conductance and terpenoid emissions were then followed for 90 min.
Results
BVOc emissions from P. ponderosa were consistently dominated by MBO which comprised, on average, 87 % of total terpenoid emissions on a mass basis (mean emission rate at 30 °c and high irradiance was 18.0 ± 7.4 μg g −1 h −1 ). smaller, but significant, contributions came from monoterpenes (including alkyl benzenes such as p-cymene and p-cymenene) and oxygenated monoterpenes, primarily estragole (in spring 2009 only) and linalool. sesquiterpene emissions, primarily α-and β-farnesene and β-caryophyllene, were observed but comprised less than 1 % of the total terpenoid flux.
emissions of unsubstituted monoterpenes were dominated by β-pinene, followed by α-pinene and the sum of limonene and β-phellandrene (which coeluted and could not be separated with confidence). Myrcene was frequently observed in relatively high concentrations but correlated strongly with emissions of linalool, and we suspect that a significant fraction of the myrcene results from dehydration of linalool during thermal desorption. camphene and Δ-3-carene were always present in small amounts, and the alkyl benzenes, p-cymene and p-cymenene contributed significantly. approximately 20 % of the total monoterpene emissions arose from generally small contributions of a large number of other compounds (α-thujene, sabinene, α-phellandrene, α-terpinene, γ-terpinene, terpinolene, 4-terpineol, and α-terpineol). E-β-ocimene was generally present in trace amounts, but on three sampling dates it comprised over 25 % of monoterpene emissions. Oxygenated monoterpenes made up a significant portion of the total flux throughout the measurement period (on average, they comprised approximately 75 % of the total c-10 terpenoid emission by mass), but the composition of the oxygenated fraction changed in mid-summer of 2009, with the development of new needles. Oxygenated BVOc in emission samples from needles produced in 2008 were dominated by estragole (methyl chavicol), whereas estragole was almost undetectable in elongating needles produced in 2009. Instead, the oxygenated fraction was dominated by linalool. needles produced in 2010 and sampled in Julyaugust 2011 emitted almost no estragole but they did emit substantial amounts of linalool. Figure 1 depicts results from continuous measurements made on two sets of needles under naturally fluctuating light and temperature conditions (Fig. 1a, b ) over the diurnal cycle. continuous measurements of net photosynthesis and stomatal conductance (Fig. 1c, d ) and BVOc emission rates, measured using PTr-Ms, were made on two sets of needles and are also shown. MBO emissions (Fig. 1e , f) and total monoterpenoid emissions ( Fig. 1g, h ) are depicted separately. approximately every 2 h, air exiting the leaf enclosure was collected onto sorbent tubes for subsequent analysis using gc-Ms. MBO emission data from gc-Ms analysis is included in Fig. 1e , f. emissions of linalool are shown along with summed data from all other monoterpenoids as well as the total monoterpenoid flux for comparison with PTr-Ms data (Fig. 1g, h ). Modeling these diurnal emissions requires information about the physical controls over the production and emission of individual BVOc. The rate of BVOc production, E, is modeled as follows:
where e 30,1000 is the steady state emission rate under standard conditions of 30 °c and PPFD = 1,000 μmol m
. c T and c l are scalars, which account for the effects of needle temperature and incident PPFD, respectively, and which take on values of 1.0 at standard conditions. In the absence of any light dependence on BVOc production, or when emissions result solely from diffusion out of storage structures such as resin canals, c l takes on a constant value of 1.0.
In order to characterize C T and C L , dependence of BVOc emissions on needle temperature and incident PPFD was measured. Five experiments relating MBO emission to needle temperature (incident PPFD > 1,000 μmol m −2 s −1 ) were carried out using sorbent tubes and gc-Ms. an additional five experiments, in which temperature was varied over a more limited range (25-35 °c), were analyzed using
PTr-Ms. all data were normalized by assigning a value of 1.0 to the measured emission rate at 30 °c and scaling other rates proportionally (Fig. 2a) . emissions of MBO increase exponentially with temperature before leveling off, and then decline as temperature continues to increase. The temperature scalar, C T , is described using eq. 3, a temperature function developed to model emissions of isoprene (guenther et al. 1993 ) that has been successfully used to model MBO emissions (harley et al. 1998) :
), T opt is the temperature optimum (K), E opt is the normalized emission rate at T opt (unitless), and E a and E d are the energies of activation and deactivation (J mol −1 ), respectively. The least-squares fit to the normalized temperature data is shown in Fig. 2a , along with best-fit values of E a , T opt and E opt (E d was fixed at 230,000 J mol
, since a paucity of data above the temperature optimum precludes accurate estimation).
, 
T opt = 309.6 E opt = 1.39
T opt = 314.3 E opt = 2.41 a Fig. 2 Data depicting the temperature and light dependences of MBO and total monoterpenoid emissions, incorporated into eq. 2 as C T and C L , respectively. a, c Illustrate, respectively, the temperature dependence of C T for MBO and total monoterpenoid emissions (n = 10), with data normalized to the value measured at 30 °c. b, d
Illustrate the light dependence of C L for MBO and total monoterpenoid emissions (n = 6), with data normalized to the value measured at PPFD = 1,000 μmol m
. The solid line in a and c represents the best least-squares fit to eq. 3, using the parameters shown. Data in c between 15 °c and 35 °c were also fit to eq. 5 (dashed line) using a value of β = 0.109. The solid line in b and d represents the best leastsquares fit to eq. 4, using parameter values shown curves relating MBO emissions to incident PPFD were obtained from six sets of needles using the lI-6400 and PTr-Ms. leaf temperature was held constant at 30 °c and PPFD was varied between 0 and 2000 μmol m −2 s −1
. Data were normalized by assigning the measured emission rate obtained at PPFD = 1,000 μmol m −2 s −1 a value of 1.0 and scaling other data accordingly (Fig. 2b) . The scalar describing the effects of incident PPFD, C L , is described by eq. 4, developed by guenther et al. (1993) to model emissions of isoprene, but also used previously to model MBO emissions (harley et al. 1998): where L is incident PPFD, and γ (m 2 s μmol photons
) and C L1 (unitless) are empirical coefficients. The equation was fit to the data in Fig. 2b and best-fit values of γ and C L1 are shown.
Data relating total monoterpene emissions to needle temperature were obtained on six sets of needles using the lI-6400 and PTr-Ms (m/z 137) and on five sets of needles collecting samples on sorbent tube for gc-Ms analysis. all identified monoterpenes and oxygenated monoterpenes with emission rates greater than 0.01 μg g −1 h −1 were summed to estimate "total monoterpenoid" emissions. as with MBO, monoterpene data were normalized to a temperature of 30 °c (Fig. 2c) . It has long been recognized that monoterpene fluxes increase exponentially with temperature, a relationship formalized by guenther et al. (1993): where T is needle temperature (°K) and β is an empirical coefficient (°K
−1
). When these fluxes represent diffusion out of specialized storage structures such as resin canals in ponderosa pine, this temperature dependence reflects the increase in terpene vapor pressure with temperature. Because this is a purely physical process, emissions from pools are expected to increase indefinitely until high temperatures cause damage to the storage structures. however, our data indicate that the relationship between total monoterpene emissions and temperature exhibits a temperature optimum, above which emissions decline. This behavior suggests that monoterpenoid emissions in ponderosa pine do not result entirely from diffusion out of resin canals, but that some fraction of emissions arises from de novo production, in which case a temperature optimum would be observed, analogous to the situation for MBO (Fig. 2a) . This interpretation is supported by 13 c labeling results reported below. We therefore chose to fit the normalized data of total monoterpene emissions to eq. 3, with e d again set to 230,000 J mol −1 . The results are shown by the solid black line in Fig. 2c , using best-fit parameter values shown, and this description of the temperature response
is used in the modeling exercises to follow. For comparison with other published data on the temperature dependence of monoterpenoid emissions, the fit to the data between 15 and 35 °c using eq. 5 is also shown (β = 0.109).
Because the observed response of total monoterpene emissions to temperature was consistent with a significant amount of de novo production, we screened for a light dependence on monoterpene emissions by measuring emissions at 30 °c in the light (PPFD = 1,000 μmol m −2 s −1 ) followed by emissions after a period in darkness, and then followed by a return to high light (examples are given in supplemental Materials). each time the light was changed, a 30 min period was allowed for equilibration prior to beginning sample collection, which occurred over the following hour. We calculated for each compound the percentage of total emissions that appeared to be dependent on light [i.e., 100 × (emissions in light minus emissions in darkness) divided by emissions in light] as an indicator of the responsiveness of each emitted compound to light. These values ranged from 0 % (no light dependence) to 91 % for light-dependent MBO (Table 1, column [b] ). The response of individual monoterpenes to darkening varied widely. emissions of α-pinene and β-pinene, camphene, limonene, and Δ-3-carene exhibited only slight, if any light dependency (0-17 %). Values for all other terpenoid species exceeded 35 %, suggesting some degree of light dependence, with the value exceeding 60 % for the oxygenated monoterpene linalool and several other monoterpenes including sabinene, myrcene (at least some of which likely arises from dehydration of linalool during thermal desorption), α-terpinene and γ-terpinene, E-β-ocimene, terpinolene, and the sesquiterpene β-farnesene.
Based on these observations, total monoterpenoid emissions measured using PTr-Ms would be expected to evince a light dependency, the magnitude of which would depend on the mix of terpenoids comprising the total. This light dependence of total monoterpenoid emissions was confirmed, based on measurements of total monoterpenes using the lI-6400 and PTr-Ms while varying incident PPFD at a constant enclosure temperature of 30 °c (Fig. 2d) . given the presence in the monoterpene mixture of a significant amount of α-pinene and β-pinene, emissions of which were largely independent of light, emissions did not fall to zero in the dark, although the fact that dark emissions were only 25 % of high light emissions suggests the presence of a large fraction of light-dependent monoterpenes in the mixture, especially the oxygenated monoterpene, linalool. The light response data of monoterpene emissions was, therefore, modeled assuming that 25 % of the total was independent of light, while eq. 4 was used to simulate the remaining 75 % with the best-fit parameters indicated in Fig. 2d .
complicating the interpretation of the light dependency of both MBO and total monoterpenoid emissions is the fact that stomatal conductance generally declines rapidly with decreasing PPFD. This raises the possibility that at least some of the observed reductions in emission as PPFD is lowered may be the indirect result of decreasing stomatal conductance.
In order to determine whether there was a direct effect of light on de novo terpenoid production, we conducted 13 c-labeling studies using the same needles used in the light versus dark study described above. If emissions of a given terpenoid result exclusively from diffusion out of preexisting pools sequestered in specialized storage structures, replacing 12 cO 2 in the air entering the needle enclosure with 13 cO 2 should not result in short-term changes in the isotopic signature of the emitted compound. In contrast, those terpenoids not found in storage pools, such as isoprene or MBO, should rapidly acquire 13 c label, the final ratio of unlabeled to labeled emissions reflecting the percentage of product arising from old rather than newly fixed carbon, which is typically about 20 % for isoprene (Karl et al. 2002) .
During gc-Ms analysis, very little of the protonated parent mass of MBO (m/z 87) is observed because most (Fig. 3a, 8:20 am) . as expected for light-dependent MBO, following the switch to air containing 13 cO 2 , the signal at m/z 71 decreased rapidly, leveling off at approximately 8 % of the total mass spectrum, and each of the four carbon atoms rapidly became labeled with the heavier isotope, which demonstraties de novo production (Fig. 3a) . six hours after introduction of 13 cO 2 , the percent of 13 c in the final emission sample was 74 %, implying that 26 % of the carbon originates from sources other than recently fixed carbon. since MBO is not stored within the leaf, and following ghirardo et al. (2010), we consider MBO fully labeled, and assign it a value of 100 %, and scale all other compounds accordingly (Table 1, column [c] ). Thus, a compound with 37 % of its carbon atoms labeled at the conclusion of the experiment would be considered 50 % labeled (i.e., 37 % divided by 74 %). The labeling of individual monoterpenes is more complex, reflecting emissions from both storage pools and de novo production. If compounds are produced de novo from recently fixed carbon, their emissions should acquire some 13 c label; however, the degree to which emissions of a given compound become labeled will depend both on the rate of de novo production and the magnitude of the flux of unlabeled compound from storage pools in the resin canals (ghirardo et al. 2010) . For α-pinene or β-pinene, for example, which comprise a large fraction of the monoterpene storage pool (greenberg et al. 2012) , the extent of labeling may remain low even if there is de novo production because any 13 c-labeled de novo emissions will be diluted by the large amount of unlabeled emissions from storage.
Fluxes of α-pinene and β-pinene from the needles used in this experiment, measured prior to labeling, were relatively high (0.163 and 0.471 nmol m −2 s −1 , respectively; Table 1 , column [d] ) and only slight changes in isotopic composition of emissions of either α-pinene (Fig. 3b) or β-pinene (Fig. 3c) were observed over the six hours of labeling. Only 2.3 % of α-pinene emissions were 13 c enriched and only 0.3 % of β-pinene emissions ( −2 s −1 of β-pinene. similar labeling patterns were observed for camphene and Δ-3-carene. Both of them are significant components of the monoterpene storage pool, and both of them showed only slight 13 c enrichment of emissions from de novo production (Table 1) .
estimates of de novo flux of all emitted monoterpenes are given in Table 1 , column [e], but it should be emphasized that these are highly uncertain, especially for those compounds with very low emission rates.
The labeling situation for the remaining monoterpene emissions differed, as other terpenes with much lower emission rates became labeled to a far greater extent with 13 c, although the degree of labeling varied. sabinene, for example, became rapidly labeled, and the final samples were enriched by 52.5 % with measured emissions of only 0.002 nmol m −2 s −1 . The absolute amount of de novo sabinene emitted was 0.001 nmol m −2 s −1 , whiich is comparable to the absolute amounts of de novo α-pinene and β-pinene emissions. similar patterns were observed for other monoterpenes (e.g., α-phellandrene, α-terpinene and γ-terpinene, E-β-ocimene, and terpinolene). all of them became over 35 % labeled; but all of them had emission rates less than 0.01 nmol m −2 s −1, and none of them was identified in needle pools (greenberg et al. 2012 ) although several were very minor components of needle resin as reported by smith (1977) . The oxygenated monoterpene linalool (Fig. 3e) and myrcene, assumed to derive largely from dehydration of linalool, were unique in that they were emitted at high rates (0.412 and 0.098 nmol m −2 s −1 , respectively) and also became strongly labeled (70.3 and 78.5 %). linalool was not a component of needle storage pools (greenberg et al. 2012) , evinced a strong light dependency, and it was assumed to derive solely from de novo production, as suggested previously (niinemets et al. 2002) .
an additional 13 c labeling experiment accompanied by a 'light on light off' comparison was carried out on needles of pine trees thought to be P. ponderosa, but subsequently identified as austrian pine (Pinus nigra), which is a widely planted european species. labeling of MBO (a significant emission in P. nigra, but much lower than P. ponderosa) was rapid and similar to that in ponderosa pine, but the labeling patterns of other BVOc from P. nigra differed in interesting ways (Table 1 ). The oxygenated monoterpene 1,8-cineole (eucalyptol), absent from needle resin (unpublished data), was the major emission from P. nigra needles and became over 76 % labeled (supplementary Material, Fig. 2e ), comparable to MBO and linalool and indicative of complete de novo production. The α-pinene and β-pinene, which acquired almost no label in P. ponderosa, became labeled in P. nigra up to 48 % and 34 % respectively, relative to 1,8-cineole (supplementary Material, Fig. 2b, c) and also exhibited greater reductions in emissions in darkness. The percentage of total emissions, which appeared to be dependent on light in the light on:light off experiments, and the final % of 13 c labeling (relative to 1,8-cineole) are summarized in Table 1 (columns [f] and [g], respectively) for comparison with ponderosa pine data. These high percentages of labeling cannot be an artifact resulting from low emission rates from storage, since α-pinene and β-pinene comprised 62 % and 35 %, respectively, of the total terpene pool in needles, and the pools were in fact larger than those measured in P. ponderosa. In general, emissions from P. nigra showed a far greater degree of 13 c labeling and, thus, de novo production (Table 1, evidence for stomatal control of emissions Because BVOc emissions and stomatal conductance often covary in response to changes in PPFD, it can be difficult to determine unambiguously the controlling factor. The results above demonstrate that MBO and a significant fraction of the monoterpenoids observed in emissions of ponderosa pine are dependent on light, but this does not preclude the possibility that stomata may also limit diffusion of MBO and monoterpenes from either their sites of production in the chloroplast or from specialized storage structures to the ambient air. a straightforward method of determining whether emissions can be limited by stomata is to force stomatal closure by the introduction of abscisic acid (aBa) through the transpiration stream while maintaining incident PPFD and needle temperature constant. results of such an experiment are illustrated in Fig. 4 . When the needles were inserted into the lI-6400 chamber following the severing of the stem, stomatal conductance rapidly declined before recovering slightly after approximately 35 min. One hour after the stem was cut, aBa was added to the transpiration stream, stomata began to close, and within an hour, stomatal conductance had fallen to between 2 and 4 mmol m . During the first 30 min following cutting, stomatal conductance dropped rapidly, and emissions of both MBO and total monoterpenes were little affected. subsequently, during partial recovery from cutting the stem and then following the introduction of aBa, there was a close correspondence between stomatal conductance and both MBO and total monoterpenes (Fig. 4b, c) .
Discussion
Ponderosa pine is a dominant tree species in many forested ecosystems of western north america. Pinus ponderosa var. scopulorum engelm., the Interior or rocky Mountain ponderosa pine, is a widespread variety (or subspecies) with a range extending from eastern Montana and the Dakotas through Wyoming and nebraska into northern and central colorado, Utah, and eastern nevada. It forms extensive stands along the colorado Front range. The xylem resin composition of trees along the Front range in colorado is dominated by α-pinene and β-pinene, Δ-3-carene, limonene, and myrcene (smith 1977), which is broadly consistent with our measurements of needle emissions. Minor xylem resin components included α-thujene, camphene, sabinene, β-phellandrene, γ-terpinene, and terpinolene. all of these were also observed in emissions from trees at the site. Observed as significant emissions, but absent from xylem resin, were the oxygenated monoterpenes estragole, terpineol, and linalool.
The primary aim of this study was to characterize terpenoid emissions at the needle scale and elucidate the environmental controls over those emissions. In particular, we sought to characterize the potential light dependency of the different monoterpene species emitted by ponderosa pine, and to determine the extent to which stomatal conductance might limit BVOc emissions. Ponderosa pine at this site emit a variety of hemiterpenes, monoterpenes and sesquiterpenes with total emissions during daytime dominated by the hemiterpene, 2-methyl-3-buten-2-ol (MBO), comprising on average about 87 % of the terpenoid flux during periods of high irradiance. emissions of unsubstituted monoterpenes contributed on average about 3 % of the daytime flux and are dominated by β-pinene, α-pinene, Δ-3-carene, and the sum of co-eluting limonene and β-phellandrene, although a large number of other monoterpenes made (usually) minor contributions. small amounts of E-β-ocimene were generally observed, but on three sampling dates, E-β-ocimene emissions were quite large, comprising between 30 % and 40 % of the total monoterpene signal. E-β-ocimene is recognized as an important induced emission for plants undergoing herbivory (arimura et al. 2009; niinemets et al. 2013 ). although we observed no significant herbivory during our study, we suspect these occasional enhanced emissions were in response to some type of biotic stress. smith (1977) reported that myrcene was a minor component of xylem resin in ponderosa pine and significant quantities of myrcene were frequently observed in our emission samples. We report these emissions, but suspect that a significant fraction of reported myrcene arises from linalool dehydration during analysis, as discussed in Methods. emissions of oxygenated c 10 species such as estragole (also known as methyl chavicol and not a terpenoid, being a product of the phenylpropanoid pathway) and linalool often comprised over 50 % of the daytime c 10 BVOc flux, with additional contributions from several terpineol isomers.
Terpenoid flux measurements above Blodgett Forest, a ponderosa pine plantation in the foothills of the sierra nevada in california, were also dominated by MBO (schade and goldstein 2001) . Bouvier-Brown et al. (2009a) measured emissions from branches in august 2005 and reported large branch emissions of estragole (8-54 % of the total monoterpenoids), but no linalool. In a subsequent paper (Bouvier-Brown et al. 2009b ), they reported low mixing ratios of linalool (9.9 pptv in the air within the canopy and 0.74 pptv above the canopy) suggesting that ponderosa pine was a small source. The mix of emitted monoterpenes exhibited substantial tree to tree variability, but the dominant species in their study (α-pinene and β-pinene, Δ-3-carene, limonene + β-phellandrene, camphene, and myrcene) are consistent with data from our study. Minor constituents observed at our site (α-terpinene and γ-terpinene, terpinolene) were also observed in emissions at Blodgett Forest.
Our needle scale observations can be compared with results of above-canopy flux and atmospheric mixing ratio results from the BeachOn campaigns at the Manitou experimental Forest Observatory site. Daytime terpenoid fluxes, measured using the eddy covariance technique and reported by Kaser et al. (2013a) , were dominated by MBO with fluxes generally about five times those of monoterpenes. Following a damaging hail storm, emissions of monoterpenes increased markedly (4-fold to 23-fold). above-canopy fluxes of sesquiterpenes were never observed, consistent with the low emission rates observed at the needle scale and the likelihood of scavenging within the canopy of these reactive species (ciccioli et al. 1999) .
Flux measurements using the relaxed eddy accumulation (rea) technique with sample analysis using gc-Ms provide information on the speciation of emitted monoterpenoids. although generally consistent with our needle observations, significant discrepancies were apparent, perhaps reflecting chemical transformations or removal or significant emissions from non-needle sources such as litter or woody tissues, or from exposed resin. The largest monoterpene fluxes above the canopy, of more or less equal magnitude, were α-and β-pinene and Δ-3-carene, with a significant contribution from limonene/β-phellandrene (Turnipseed et al., in prep.) . Thus, Δ-3-carene, which comprised only a small fraction of needle monoterpene emissions, was a dominant component of the ecosystem flux. strikingly absent from flux measurements above the canopy or air mixing ratio measurements above the canopy was linalool, even in late July-august when it comprised a large fraction of emissions from newly elongated needles. Thus, compared with our needle scale observations, air above the canopy was significantly enriched in Δ-3-carene and depleted in linalool. ciccioli et al. (1999) reported large losses of linalool (on the order of 70 %) when comparing enclosure measurements in a Valencia orange grove with fluxes above the canopy measured using the rea technique. The losses could not be explained based on known reaction rates of linalool with O 3 and other atmospheric oxidants, and they hypothesized that linalool may be lost by heterogeneous processes including partitioning into water droplets and adsorption on particles. another possible reason for the inconsistency with respect to linalool in our data is the use of ozone filters, consisting of Pall ® acrodisc ® glass fiber syringe filters (sigma-aldrich) impregnated with sodium thiosulfate on the air sampling inlet. laboratory studies carried out at ncar demonstrated that a large percentage of a linalool standard mixture was lost when passed through filter paper with a nominal pore size of 1 μm, whether or not it was impregnated with sodium thiosulfate or potassium iodide. In august 2013, we collected a series of ambient air samples from the flux tower. some of them were pulled through an ozone trap and some of them used no trap. Ozone was removed from another set of samples using the technique pioneered by arnts (2008) in which the incoming air sample is mixed with high concentrations of trans-2-butene (~200 ppm) in order to titrate away any O 3 . no linalool was observed in either the filtered or the unfiltered sample. Trace amounts of linalool were observed in the butene-titrated samples (<50 pptv) but far less than would be predicted on the basis of needle emissions. roskamp (2013) collected ambient air samples in august 2011 and analyzed them using 2-D gc-Ms and also reported small amounts of linalool, but again, considerably less than needle emissions would suggest. neither reaction with O 3 nor reaction with the Oh radical is sufficiently rapid to explain these observed losses. It is worth noting that both enclosure and ambient air measurements made at Blodgett Forest incorporated in line Pall a/e glass fiber filters (1 µm pore size) coated with sodium thiosulfate prior to analysis, and a copper mesh impregnated with MnO 2 was used to scrub O 3 in the rea measurements above the canopy made by ciccioli et al. (1999), discussed above. however, the large inconsistency in our data between enclosure measurements and fluxes/concentrations above the canopy remains unexplained. Observations of unexpectedly high formaldehyde fluxes at the site (Digangi et al. 2011) suggest that a significant amount of BVOc processing within the canopy was taking place, but its significance in the possible removal of linalool is unknown.
In addition to the absence of linalool, ambient air samples differed from needle emission samples in the relative proportion of monoterpene species. not surprisingly, the minor constituents of the emission samples were not observed in the ambient air; however, the proportion of the dominant monoterpene species was markedly different from that observed in needle emissions. In particular, Δ-3-carene was frequently one of the dominant monoterpenes observed in ambient air samples or flux measurements above the canopy, whereas it typically comprised a relatively small fraction of the needle emission profile (on average, less than 5 %). This observation raises the possibility of a significant non-needle source of monoterpenes, enriched in Δ-3-carene relative to needles. emissions from soils at the site comprised less than 1 % of the observed flux above the canopy (greenberg et al. 2012) and could not explain this discrepancy. eller et al. (2013) frequently observed small balls of resin at the site, forming at the base of fascicles (and not, therefore, enclosed in the leaf cuvettes), as well as large resin pools which form on woody tissues at wound sites. They found that monoterpene emissions from these resin balls, like those from needles, were comprised primarily of α-pinene and β-pinene, Δ-3-carene, and limonene + β-phellandrene, with Δ-3-carene comprising a much higher percentage of the total monoterpenes (over one third) than observed in needle emissions. BVOc emissions from woody tissues have not been measured at the site, but it is likely that any emissions arising from woody tissues will have a VOc composition similar to that of resin balls. heijari et al. (2011) reported significant monoterpene emissions (also enriched in Δ-3-carene) from apparently undamaged stems of Pinus sylvestris (scots pine) seedlings, and amin et al. (2012) also found that undamaged stems of Pinus contorta var. latifolia (lodgepole pine) emitted monoterpenes. In each of these studies, stem emissions increased significantly when stems were damaged, by weevils in the case of P. sylvestris (approximately a three-fold increase) or bark beetles in lodgepole pine (five-fold to 20-fold increase). although emissions from stems were not quantified in this study, six samples of air collected from Teflon bags placed around apparently undamaged trunks was analyzed by gc-Ms and found to be significantly enriched in carene (39 ± 7 % of monoterpenes). Kim et al. (2010) measured branch level emissions at the Manitou site, which included emissions from entire fascicles and woody tissues, and reported that Δ-3-carene comprised about 17 % of the total monoterpene signal, which was significantly higher than from needles alone. They also found that Δ-3-carene contributed about 21 % of the total monoterpene fraction in ambient air. It appears likely that the high percentage of Δ-3-carene in ambient air is due in large measure to emissions from woody tissues or resin exudate, which apparently comprise a significant but unquantified percentage of the total BVOc flux from the forest. since emissions from resin or woody tissue contain no linalool, this additional source would also result in lower percentages of linalool in ambient air than in needle emissions.
elucidating environmental controls over MBO emissions Figure 2 depicts two days (one day each on two sets of needles) of MBO emissions from ponderosa pine; measured with a combination of PTr-Ms and gc-Ms techniques, which were in good agreement, considering the temporal differences in sample collection (continuous for PTr-Ms versus 20 min to half-hour averages for gc-Ms). Modeling these diurnal emissions requires information about the physical controls over both production and emission. Previous studies have shown that emissions of MBO, like those of isoprene, are controlled largely by incident PPFD and temperature and can be successfully modeled by assuming that it is emitted immediately upon production. The rate of production has been successfully modeled based on measured emission responses to varying PPFD and temperature (harley et al. 1998; schade et al. 2000) . In addition to establishing the effects of needle temperature and incident PPFD on MBO production, we sought to determine whether or not emission was simultaneous with production or whether changes in stomatal conductance also affected emissions.
Production of MBO is simulated using eq. 2, with the scalars describing the response to needle temperature (Fig. 2a) and incident PPFD (Fig. 2b ) modeled using eqs. 3 and 4, respectively. Previous investigators have found that this simple model predicts emission behavior well (harley et al. 1998) . however, MBO is quite soluble in water (H = 1.55 Pa m 3 mol −1 ) and is, therefore, susceptible to transient storage in the aqueous phase of the cell. as shown in Fig. 4a , forcing stomata to close using aBa can lead to reductions in MBO emissions even though production is assumed to remain constant given steady state conditions of PPFD and temperature.
It has been convincingly demonstrated that stomata cannot limit emissions of BVOc under steady state conditions (Monson and Fall 1989; loreto et al. 1996) . however, as first suggested by niinemets and reichstein (2002, 2003a, b) and corroborated since (see harley 2013 for review), the aqueous and lipid phases within the cell constitute nonspecific storage pools, the size of which depends on leaf anatomy and, more importantly, the physico-chemical properties of each specific BVOc. Following a perturbation in production rate, the presence of temporary storage pools may delay the reestablishment of steady state conditions. Until steady state conditions are reestablished, stomatal conductance may limit the emission rate, regardless of whether a given BVOc is produced de novo and emitted immediately upon production or diffuses from specialized storage structures such as resin canals in ponderosa pine.
The niinemets-reichstein model assumes that the BVOc of interest is produced at some prescribed rate, controlled by temperature. For BVOcs whose production is known to be dependent on photon flux density, such as MBO, this dependence on production must also be included. The BVOc diffuses in the liquid phase along a series of diffusion pathways until it reaches the outer surface of the cell walls and the interface between aqueous and gas phases. at that point, liquid to gas phase partitioning is determined by H, the henry's law constant, and the BVOc in the gas phase diffuses into the substomatal cavity and then through the stomata and leaf boundary layer to the ambient air. Diffusion from the intercellular air space to the air outside the leaf boundary layer, i.e., the rate of emission, follows Fick's law, and is proportional to the partial pressure difference and the total gas phase conductance.
assuming constant rates of BVOc production, i.e., no feedback inhibition on rates of production, any change in stomatal conductance is countered by a corresponding, but opposite, change in the gas phase pool, resulting in a change in the partial pressure gradient exactly proportional, but opposite in sign, to the change in conductance. hence, there is no alteration in the flux. This is the case for the largely insoluble BVOcs, isoprene (Fall and Monson, 1992) , and α-pinene (loreto et al. 1996) . however, highly soluble MBO partitions strongly into the liquid phase, and a large increase in liquid pool size following stomatal closure is required before gas partial pressure rises sufficiently to completely counteract the reduced conductance. Once a new equilibrium is reached, the original flux will be restored, but during this extended transition period to a new equilibrium state, stomata may have a significant impact on observed emissions. all other things being equal, the extent to which stomata limit the flux of a given BVOc is determined largely by H. however, several other factors, including leaf anatomy, also influence the time needed for reequilbration of the leaf pools, helping to explain observed differences in stomatal sensitivity between species. Thus, in addition to H, the extent to which changes in stomatal conductance affect emissions is influenced by the magnitude of stomatal conductance, the rate at which stomata open or close, and by internal leaf anatomy, which determines resistances to intercellular diffusion in both gas and liquid phase and also establishes the potential liquid pool size. Full parameterization of the niinemets-reichstein model requires numerous anatomical assumptions, which affect internal diffusive resistances and the potential size of aqueous and lipid pools. For all our simulations, we have used the parameterization developed for Pinus sylvestris (niinemets & reichstein 2003b) .
In Fig. 4b (open symbols), we apply the model to the data relating MBO emissions to aBa-induced changes in stomatal conductance. MBO production is assumed to depend on incident PPFD and temperature as described above, and remains essentially constant in the model at approximately 9.0 nmol m −2 s −1 except for a brief 1.5 °c temperature excursion at around 135 min. When the physico-chemical properties of MBO are included, however, modeled emissions closely track stomatal conductance, sometimes exceeding the rate of production as temporary storage pools empty and sometimes falling below production as pools fill. The correspondence between measurements and modeled results is quite good, demonstrating that the niinemets-reichstein model captures the importance of temporary storage pools in explaining short-term stomatal limitations.
Modeling diurnal emissions of MBO Figure 5a , b reproduce the daytime MBO emissions depicted in Fig. 1e , f. In each panel, the solid line represents emission rates predicted by the model of niinemets and reichstein (2003a, b) described above. The value of E 30,1000 for each set of needles was obtained empirically by determining the value which provided the best overall fit to the data. In general, the MBO emissions predicted by the model were similar to the predicted rates of 1 3 production, implying only a minor role for transient storage. Only when the time resolution is increased by examining a two (Fig. 5c) or two-and-a-half hour (Fig. 5d ) portion of the data when incident light was fluctuating, are the effects of storage and stomatal limitations apparent. as a result of its physico-chemical properties, MBO can temporarily reside in the aqueous phase of the leaf until a new gas-liquid phase equilibrium is reestablished. Thus, a slight delay is introduced between any change in the rate of MBO production (dashed grey line) and MBO emission. a similar lag is also apparent in response to changes in stomatal conductance. as a result, the simulated rates of emission lag slightly behind the predicted rate of production, providing a slightly improved fit to measured data compared with modeling emissions on the basis of production alone. Thus, although Figs. 4, 5c and d confirm that stomatal limitations can play a role in controlling the emissions of MBO, the effects under naturally fluctuating environmental conditions are subtle, affecting only the short-term (seconds-to-minutes) emission dynamics.
elucidating environmental controls over monoterpenoid emissions Until recently, monoterpene emissions from species with specialized storage structures, such as resin canals in pine needles were generally thought to be independent of light despite occasional reports that some monoterpenes are synthesized from recently assimilated carbon and subject to light dependence (e.g., yokouchi and ambe 1984; schuh et al. 1997; Ortega et al. 2007 Ortega et al. ). schürmann et al. (1993 found that emission of both α-pinene and β-pinene from Picea abies was reduced by over 75 % in darkness and that both rapidly became labeled under 13 cO 2 fumigation. niinemets et al. (2002) reported that emissions of E-β-ocimene and linalool from needles of Pinus pinea were dependent on light, and, subsequently, a variety of terpenoid emissions, including ocimene, linalool, and β-farnesene, have been shown to be induced by exposure to biotic or abiotic stress, and to be dependent on light. recent evidence obtained using 13 c-labeling (ghirardo et al. 2010) clearly indicate that a variable percentage of monoterpenes emitted from several different species of conifer, including scots pine, was derived from recently fixed carbon, and that there was a direct effect of PPFD on emissions. Taipale et al. (2011) showed that canopy-scale monoterpene emissions from a scots pine dominated forest evinced a light dependency. These data clearly indicate that monoterpene emissions from species with specialized storage structures can arise either from diffusion out of storage or from de novo production, but the relative importance of each pathway varies among taxa. ghirardo et al. (2010) proposed a hybrid emission model, as originally suggested by schuh et al. (1997) , in which those emissions arising from pools are controlled solely by temperature, while de novo emissions are jointly controlled by PPFD and temperature, i.e., where f is the fraction of emissions arising from de novo synthesis. ghirardo et al. (2010) assessed 13 c labeling using PTr-Ms and did not examine the labeling pattern of individual monoterpenes species. Our results from P. ponderosa and P. nigra clearly show: (1) that the percentage of emissions arising from de novo production varies widely for individual monoterpene species, and (2) that the percentage of emission arising from de novo production for a given monoterpene (e.g., α-pinene or β-pinene) may be quite different for different species. For P. ponderosa, the large amount of variation in the proportion of de novo emissions of different monoterpenes is largely explained by variation in the magnitude of emissions from storage pools. Those monoterpenes found in highest concentrations in needle resin pools, α-pinene and β-pinene, camphene, and Δ-3-carene were labeled with 13 c to only a very minor extent. any of the de novo production was diluted with emissions from storage. In contrast, those monoterpenes with very low emission fluxes tended to become labeled to a much greater degree, as very little dilution occurred, although absolute rates of de novo emissions are quite small (Table 1) .
Our results are consistent with those of ghirardo et al. (2010) , indicating that monoterpene emissions derive from two sources, and that a hybrid emission model (eq. 6) is appropriate. as shown below, such a hybrid model was necessary in order to successfully simulate the dynamics in emissions that we observed in this study. such a hybrid model has been incorporated, for example, into the emission model Megan2.1 (guenther et al. 2012) .
The proportion of the total monoterpenoid emissions assumed to arise from de novo production was estimated by comparing the measured emissions of oxygenated monoterpenes, generally dominated by linalool, which demonstrates a strong light dependence (Figs. 4b, 5e ) with the unsubstituted monoterpenes, dominated by α-pinene and β-pinene, camphene, and Δ-3-carene, none of which exhibited emissions that were strongly dependent on light. The gc-Ms based emission data indicated that, averaged over the growing season, oxygenated monoterpenes comprised approximately 75 % of the total monoterpenoid emissions under high irradiance. The monoterpene light response data presented in Fig. 2d were, therefore, simulated assuming that 25 % of emissions were not dependent on light, and when conducting the modeling exercises below, we assigned a value of 0.75 to the parameter f in eq. 6.
as was the case with MBO, the observed decline in monoterpenoid emissions as light decreases (Fig. 2d) was accompanied by similar reductions in stomatal conductance, obscuring the relative importance of the two factors. In the experiment in which stomata were forced to close by the introduction of aBa, changes in monoterpenoid emission closely paralleled those of MBO, and clearly indicated that, under these conditions, stomata could limit total monoterpenoid emissions while production presumably remained constant (Fig. 4c) . We modeled these results using the dynamic model of niinemets and reichstein (2003a, b) . attempts to model these data, assuming that all emitted monoterpenoids were unsubstituted monoterpenes with physico-chemical properties of α-pinene (i.e., f in eq. 6 equals zero), failed to mimic observations (Fig. 4c) . Because α-pinene is practically insoluble in water (h = 10,840 Pa m 3 mol −1
), there is no temporary storage within the aqueous phase of the needles and emissions closely track the rate of production. Based on gc-Ms data, we assumed that 75 % of the observed emissions arise from de novo production of monoterpenoids having the physicochemical properties of linalool. With a henry's constant of 2.08 Pa m 3 mol −1 , linalool is almost as water soluble as MBO, and like MBO, can reside temporarily in aqueous phase storage pools, as shown previously by noe et al. (2006) . Under these assumptions, the model simulation conforms much more closely to the measured data (Fig. 4c) and emissions are clearly limited by stomatal conductance under these experimental conditions.
Modeling monoterpenoid diurnal emissions Figure 6a , b reproduces the total monoterpene emission data from Fig. 1g, h . When attempting to model these diurnal patterns of monoterpenoid emissions, one also has to apply the hybrid model (eq. 6) in which a large fraction of the emissions (f) is assumed to be produced and emitted de novo and is both light and temperature dependent while the remainder (1−f) is dependent only on temperature. The temperature dependency of the de novo fraction is modeled using eq. 3, parameterized as shown in Fig. 2c , while the emissions from storage pools in resin canals are modeled using the exponential function shown in eq. 5 and a β value of 0.109 (Fig. 2c) . guenther et al. (1993) reported a range of empirical estimates of the parameter β (eq. 5), which ranged from 0.062 to 0.144 (K −1 ) with a mean of 0.09, a value which has been widely used since, although Megan2.1 (guenther et al. 2012) uses a value for β of 0.1. The light dependency of the de novo fraction is modeled using eq. 4, parameterized as shown in Fig. 2d . Figure 6 depicts results obtained using the niinemets and reichstein (2003a, b) model, assuming two different values of f. The result assuming that all the monoterpenoid emissions behave like α-pinene and result from diffusion out of resin canals and are independent of light (i.e., f = 0 and C L in eq. 4 is set equal to 1) is shown for both sets of needles in Fig. 6a and b. as above with MBO, the best-fit value of E 30,1000 was determined empirically for each day and is shown on the figures. clearly, the model overestimates emissions during periods of low light (late afternoon and early morning) as well as during the entire nighttime period. Three emission samples obtained on the afternoon of July 15 using gc-Ms were analyzed and linalool comprised an average of approximately 72 % of the entire monoterpenoid fraction, consistent with our earlier decision to assign a value of 0.75 to the parameter f. Based on this assumption, the modeled rate of total monoterpenoid production provides a much improved fit to the measured data (Fig. 6c, d) .
To address the question of whether stomata can limit monoterpenoid emissions under natural conditions of varying temperature and fluctuating light, we examined in greater detail a two hour or two-and-a-half hour segment of the data (Fig. 7) . a comparison of modeled rates of production in the niinemets and reichstein model (dashed grey line) with measured emissions indicates that emissions frequently lag behind production by five to ten min, suggesting the presence of temporary storage pools within the leaf, 2003a, b) to the monoterpenoid emission data shown in Fig. 1 . a Model fit (solid line) to monoterpenoid emission data (closed circles) of July 13-14, where production is modeled according to eqs. 2, 3, and 4, using parameter values shown in Fig. 2c, d . It is assumed that f (eq. 6) is 0 and all monoterpenoid emissions arise from storage pools with no de novo production. The value of E 30,1000 was adjusted empirically to achieve the best overall fit to the observations. b Model fit to monoterpenoid emission data of July 14-15, as in (a). c as in (a) but f (eq. 6) set to 0.75. (d) as in (b) but f set to 0.75 analogous to the situation for MBO. linalool, comprising 75 % of the E 30,1000 in these examples, with a henry's constant of 2.08 Pa m 3 mol −1 , is only slightly less water soluble than MBO. Using the model of niinemets and reichstein (solid lines), which incorporates the physico-chemical properties of the produced terpenoids, significantly reduces the time lag between measured and modeled emissions and improves the overall fit. as was the case with MBO, the effect of introducing physico-chemical BVOc properties is to improve the temporal match between model and measured data over relatively short time periods of a few minutes, but the modeled emissions, integrated over tens of minutes, will be unaffected by stomatal changes.
Conclusions
emissions of terpenoids from ponderosa pine are dominated by 2-methyl-3-buten-2-ol (MBO), and the diurnal emission variations are well described by existing algorithms describing the response of emissions to photon flux density and temperature. experiments in which stomata were forced to close, however, indicate that under certain conditions, MBO emissions can be under stomatal control, consistent with the past studies of niinemets and reichstein (2003a, b) . MBO, which is highly water soluble, partitions into the aqueous phase of the leaf; following a change in the rate of production or in stomatal conductance, there will be a period of non-steady-state emissions that will persist until the gas and liquid pools reach a new equilibrium. During this period, stomata can limit emissions. This behavior is well captured by the niinemets-reichstein model. While this phenomenon affects the short-term (seconds-to-minutes) dynamics of emissions, it does not affect the total MBO emissions integrated over longer time periods (hours-to-days).
Monoterpenoid emissions from needles of ponderosa pine exhibit a dependency on incident photon flux density, suggesting that a significant fraction of emissions arises from de novo production rather than from diffusion out of storage pools. labeling experiments using 13 cO 2 clearly demonstrate that the percentage of de novo emissions varies widely for different terpenoids. however, those monoterpenes which became only slightly labeled were those comprising the largest fraction of the needle storage pools and those with the highest absolute emission rates, suggesting that the low percentage of labeled emissions arises as a result of dilution by high emissions of nonlabeled compound from resin canals. In P. ponderosa, the only compound absent from needle pools but with high emission rates (only in the light) and a high degree of 13 c labeling is linalool, which, therefore, appears to be entirely dependent on light. since linalool contributes up to 75 % of the monoterpenoid flux in high light, the total monoterpenoid flux is dependent on light, confirmed by simple light on:light off experiments. When attempting to model the diurnal pattern of monoterpenoid emissions from ponderosa pine, it is therefore necessary to use a hybrid monoterpenoid production model, in which a fraction of terpenoids is produced as a function of temperature alone, and the remainder depends on both light and temperature. since linalool is water soluble and comprises a major fraction of the monoterpenoid flux, total monoterpenoid emissions can also be under stomatal control, as described for MBO.
above-canopy flux or concentration measurements at the research site failed to detect significant amounts of linalool, suggesting losses within the canopy, sampling MTs obs MTs emission model MTs production model
MTs obs MTs emission model MTs production model Fig. 7 short segments of the data presented in Fig. 6 to illustrate finer details of the modeling exercise. a a 2-h segment of the data and model fits depicted in Fig. 6c illustrating the time lag between modeled rates of production (dashed grey line), modeled emission rates (solid line) and measured data (closed circles). b a two and one-half hour segment of the data and model fits depicted in Fig. 6d illustrating the time lag between modeled rates of production (dashed grey line), modeled emission rates (solid line) and measured data difficulties or both. On the other hand, air above the canopy was enriched in Δ-3-carene relative to needle emission samples, suggesting the existence of a large non-needle source enriched in carene. emissions from woody tissues and resin were both significantly enriched in Δ-3-carene, and may represent such a source. additional studies examining the importance of these emissions are clearly called for.
